It is estimated that at least 50% of congenital hearing impairment has a genetic origin. [1] Late-onset hearing loss can also be caused by genetic defects. As understanding of the genetics of deafness increases, the role of the otolaryngologist in diagnosing, interpreting, and managing this form of hearing loss has mandated a basic understanding of genetics. This chapter provides an introduction to the genetics of hearing loss. An overview of hearing loss is followed by discussion of the fundamentals of genetics and a synopsis of syndromic and nonsyndromic deafness. The final section focuses on the clinical approach to a child with suspected genetic deafness and potential therapies for genetic hearing loss.
Background

Classification of Hearing Impairment
A hearing loss can be defined by numerous clinical criteria, including causality, time of onset, age of onset, clinical presentation, anatomic defect, severity, and frequency loss (Table 147-1). Etiologically based classifications can be broadly divided into genetic versus nongenetic factors. This distinction is important because hereditary deafness does not imply congenital deafness; the latter describes a condition present from birth regardless of causality. Hereditary deafness may be present at birth or develop any time thereafter. It is well known that heritable and environmental factors can make strong contributions to hearing loss. There are three types of anatomic defects-conductive, sensorineural, or a combination of both (mixed)-and these defects may arise from syndromic or nonsyndromic conditions. Generally, when discussing hereditary deafness, a clinically based classification reflecting the presence or absence of coinherited anomalies-that is, syndromic or nonsyndromic deafness-is most useful. Syndromic and nonsyndromic conditions can be subclassified by inheritance pattern as autosomal dominant, autosomal recessive, X-linked, mitochondrial, or complex. Hearing loss can also be distinguished by differences in severity and frequency loss. Additional features of a hearing loss that are assessed include whether one or both ears are affected, and the prognosis for the condition (see Table 147 -1).
Although these classifications assist clinicians in their assessment of patients and lead to better clinical outcomes, they do not adequately represent the complex interactions that underlie most forms of hearing loss. This limitation is exemplified in hearing loss that is attributable to exposure to the ototoxic antibiotics, aminoglycosides. Although at high concentration these antibiotics interfere with the normal function of the cochlea, individuals with an A1555G mutation in their mitochondrial 12S rRNA gene are more susceptible to the ototoxic effect of these drugs. [2] In some cases, hearing loss is attributable to genetic and environmental factors, and this dual causality can make classifying hearing loss less informative.
Patterns of Inheritance
The basic forms of inheritance can be mendelian (single-gene inheritance-autosomal or X-linked), mitochondrial, or complex (chromosomal, new mutations, germline mosaicism, genomic imprinting, polygenic, and multifactorial inheritance). Pedigrees for these inheritance patterns are shown in 147-1. Mendelian and mitochondrial forms of inheritance are discussed in this chapter; for the reader who is interested in complex forms of inheritance, we recommend more appropriate texts. [12, 13] Punnett squares are used to show inheritance patterns by displaying the outcomes of crosses with both parents and allowing probability estimates for the offspring (Fig. 147-2 ).
Nonsyndromic Hearing Impairment
Genetic hearing loss is common in humans. Nonsyndromic hearing impairment in the absence of other phenotypic manifestations accounts for 70% of hereditary hearing loss. [15] More than half of SNHL that occurs in neonates is attributable to simple mendelian inherited traits (Table 147 -3). In most cases, the inheritance pattern is recessive (75% to 80% of cases), and consequently the parents of affected children generally do not exhibit the phenotype. Congenital nonsyndromic hearing loss is inherited in an autosomal dominant (approximately 20%), X-linked (2% to 5%), or mitochondrial (approximately 1%) mode. Nomenclature is based on the prefix "DFN" to designate nonsyndromic deafness. DFN followed by an "A" implies dominant inheritance, a "B" implies recessive inheritance, and no letter means Xlinked inheritance. The integer suffix denotes the order of locus discovery. DFNA1 and DFNB1 were the first autosomal dominant and recessive nonsyndromic deafness loci to be identified.
Autosomal Recessive Nonsyndromic Hearing Impairment
Autosomal recessive nonsyndromic hearing impairment is usually prelingual and severe to profound across all frequencies. [16] To date, 67 loci have been mapped, and 23 causative genes have been cloned (Table 147 -5). [11] Although autosomal recessive SNHL is heterogeneous, mutations in the connexin 26 (GJB2) gene at the DFNB1 locus contribute about half of all hereditary cases in Australia, the United States, Israel, and many European countries
Syndromic Hearing Impairment
Syndromic forms of hereditary SNHL are less common than nonsyndromic forms (Table 147-9) . Syndromic hearing impairment refers to deafness that cosegregates with other features, forming a recognizable constellation of findings known as a syndrome. Sensorineural deafness has been associated with more than 400 syndromes.
Autosomal Dominant Syndromic Hearing Impairment
Branchio-oto-renal Syndrome Melnick coined the term branchio-oto-renal (BOR) syndrome in 1975 to describe the cosegregation of branchial, otic, and renal anomalies in deaf individuals. [60] Inheritance is autosomal dominant, penetrance is nearly 100%, and prevalence is estimated at 1 in 40,000 newborns. [61] BOR affects 2% of profoundly deaf children. [61] Otologic findings can involve the external, middle, or inner ear. External ear anomalies include preauricular pits (82%), preauricular tags, auricular malformations (32%), microtia, and external auditory canal narrowing [62, 63] ; middle ear anomalies include ossicular malformation (fusion, displacement, underdevelopment), facial nerve dehiscence, absence of the oval window, and reduction in size of the middle ear cleft [62] ; and inner ear anomalies include cochlear hypoplasia and dysplasia. [64] Enlargement of the cochlear or vestibular aqueducts may be seen, [63] or merely hypoplasia of the lateral semicircular canal. [64] Hearing impairment is the most common feature of BOR syndrome and is reported in almost 90% of affected individuals. [61] The loss can be conductive (30%) or sensorineural (20%), but is most often mixed (50%). It is severe in one third of individuals and is progressive in one quarter. [61] Branchial anomalies occur in the form of laterocervical fistulas, sinuses, and cysts, and renal anomalies ranging from agenesis to dysplasia are found in 25% of individuals. [61] Less common phenotypic findings include lacrimal duct aplasia, short palate, and retrognathia. [61] One causative gene is EYA1, the human homologue of the Drosophila eyes absent gene. [65] The gene contains 16 exons encoding for 559 amino acids. [65] EYA1 mutations are found in approximately 25% of patients with a BOR phenotype, and this phenotype is hypothesized to reflect a reduction in the amount of the EYA1 protein. Mutations in two additional genes, SIX1 and SIX5, also have been shown more recently to cause BOR syndrome. [66, 67] Both genes act within the genetic network of the EYA and PAX genes to regulate organogenesis.
Neurofibromatosis Type 2
Neurofibromatosis type 2 (NF2) is characterized by the development of bilateral vestibular schwannomas and other intracranial and spinal tumors (schwannomas, meningiomas, gliomas, and ependymomas). In addition, patients may have posterior subcapsular lenticular opacities. Diagnostic criteria include (1) bilateral vestibular schwannomas that usually develop by the second decade of life, or (2) a family history of NF2 in a first-degree relative, plus one of the following: unilateral vestibular schwannomas at less than 30 years of age, or any two of meningioma, glioma, schwannoma, or juvenile posterior subcapsular lenticular opacities/juvenile cortical cataract. The causative gene is a 17 exon gene that codes for a 595-amino acid protein named merlin on chromosome 22q12. [68] Merlin is a tumor suppressor that regulates the actin cytoskeleton. [69, 70] Although its mechanism of action is not completely understood, microarray analysis has identified numerous other genes that become deregulated during tumorigenesis. [71] The incidence of NF2 is 1 : 40,000 to 1 : 90,000. [70] Hearing loss is usually high frequency and sensorineural; vertigo, tinnitus, and facial nerve paralysis may be associated findings. The diagnosis rests on the clinical and family history, physical examination, and imaging studies (magnetic resonance imaging [MRI] ). Treatment of the vestibular schwannomas usually consists of surgery, although Gamma knife surgery is considered in selected cases. [72] Auditory brainstem implants have been used with success in patients with vestibular schwannomas, although their use is limited if there is a history of Gamma knife treatment. [72, 73] Stickler Syndrome In 1965, Stickler described a family followed at the Mayo Clinic for five generations that segregated syndromic features, including myopia, clefting, and hearing loss. [74] The disease, now known eponymously as Stickler syndrome (SS), has a prevalence of 1 : 10,000, [75] and is caused by mutations in COL2A1, COL11A2, or CO11A1 genes that encode for the constituent proteins of type II and type XI collagen. [76] [77] [78] [79] On the basis of criteria set forth by Snead and Yates, [80] the diagnosis of SS requires (1) congenital vitreous anomaly, and (2) any three of myopia with onset before age 6 years, rhegmatogenous retinal detachment or paravascular pigmented lattice degeneration, joint hypermobility with abnormal Beighton score, SNHL (audiometric confirmation), or midline clefting. Other manifestations include craniofacial anomalies such as midfacial flattening, mandibular hypoplasia, short upturned nose, or a long philtrum. Micrognathia is common, and if severe leads to the Robin sequence with cleft palate (28% to 65%). [81] Clefting may be complete, with a U-shaped cleft palate secondary to Robin sequence, but is more commonly limited to a submucous cleft. [82] SS type 1 is caused by mutations in COL2A1. [76] The phenotype includes the classic ocular findings with a "membranous" vitreous. SS type 2 is due to missense or in-frame deletion mutations in COL11A2, [79] and is unique in that there are no ocular abnormalities because COL11A2 is not expressed in the vitreous. SS type 3 is caused by mutations in COL11A1. [77] The vitreous in these patients shows irregularly thickened fiber bundles that may be visualized on slit-lamp examination. [77, 80] The hearing loss associated with SS can be conductive, sensorineural, or mixed. If it is conductive, the loss typically reflects the eustachian tube dysfunction that commonly occurs with palatal clefts. SNHL is more common in the older age groups. Its pathogenesis is incompletely understood, but possible mechanisms include primary neurosensory deficits because of alterations in the pigmented epithelium of the inner ear or abnormalities of inner ear collagen. [81] Computed tomography (CT) has not shown gross structural abnormalities. Patients with SS type 3 tend to have moderate to severe hearing loss, patients with SS type 1 have either normal hearing or only a mild impairment, and patients with SS type 2 fall in between. [75] The ocular findings in SS are the most prevalent feature and warrant special discussion. [82] Most affected individuals are myopic, [80] but also may have vitreoretinal degeneration, retinal detachment, cataract, and blindness. [74] Retinal detachment leading to blindness is the most severe ocular complication and affects approximately 50% of individuals with SS. [81] Detachment typically occurs in adolescence or early adulthood.
Waardenburg Syndrome
Waardenburg published an article defining a auditory-pigmentary disease in 1951. [83] The association, now known as Waardenburg syndrome (WS), is classified under four types and has an aggregate prevalence of 1 : 10,000 to 1 : 20,000. [84] WS type 1 is recognized by SNHL, white forelock, pigmentary disturbances of the iris, and dystopia canthorum, a specific displacement of the inner canthi and lacrimal puncti. [83] Other features include synophrys, broad nasal root, hypoplasia of the alae nasi, patent metopic suture, and a square jaw. WS type 1 is caused by mutations in PAX3, a DNA-binding transcription factor homologous to mouse Pax-3, the gene implicated in the Splotch mouse mutant. [85] PAX3 is expressed in neural crest cells in early development, and strial melanocytes are absent in affected individuals. [85] WS type 2 is distinguished from WS type 1 by the absence of dystopia canthorum. Approximately 15% of WS type 2 cases are caused by mutations in MITF, a transcription factor also involved in melanocyte development. [86] Mutations in SNAI2, a zinc-finger transcription factor expressed in migratory neural crest cells, have also been shown to cause WS type 2. [87] WS type 3 is called Klein-Waardenburg syndrome, and is characterized by WS type 1 features with the addition of hypoplasia or contracture of the upper limbs. PAX3 is the causative gene. [88] WS type 4 is also known as Waardenburg-Shah syndrome, and involves the association of WS with Hirschsprung disease. Three genes have been implicated: endothelin 3 (EDN3), endothelin receptor B gene (EDNRB), and SOX10. [89] [90] [91] Although WS types 1 to 3 are inherited as dominant diseases, WS type 4 is autosomal recessive (see Table 147 -9).
The hearing loss in WS shows considerable variability between and within families. Congenital hearing impairment is present in 36% to 66.7% of cases of WS type 1 versus 57% to 85% of cases of WS type 2. [84] Most commonly, the loss affects individuals with more than one pigmentation abnormality and is profound, bilateral, and stable over time. Audiogram configuration varies, with low-frequency loss being more common. Nadol and Merchant [92] examined the inner ear of a 76-year-old woman with WS type 1 and found intact neurosensory structures only in the basal turn of the cochlea. Temporal bone imaging is typically normal, although malformation of the semicircular canals and cochlear hypoplasia can be found. [93] Risk chance prediction of the findings associated with WS is difficult because of variability in disease expression.
Treacher-Collins Syndrome
Treacher-Collins syndrome is an autosomal dominant syndrome characterized by abnormalities of craniofacial development. The phenotype includes maldevelopment of the maxilla and mandible, with abnormal canthi placement, ocular colobomas, choanal atresia, and conductive hearing loss secondary to ossicular fixation. [94] The causative gene is TCOF, which encodes for the protein treacle. [94] Autosomal Recessive Syndromic Hearing Impairment
Pendred Syndrome
The most common syndromic form of hereditary SNHL, Pendred syndrome (PS) was described by Pendred in 1896. [95] The condition is autosomal recessive, and affected individuals also have goiter. [96] The prevalence of PS is estimated at 7.5 to 10 per 100,000 individuals, suggesting that the syndrome may account for 10% of hereditary deafness. [96] The hearing loss is usually congenital and severe to profound, although progressive mild to moderate SNHL is sometimes seen. [96] Bilateral dilation of the vestibular aqueduct is common, and may be accompanied by cochlear hypoplasia. Most cases of PS result from mutations in the SLC26A4 gene that encodes an anion transporter known as pendrin that is expressed in the inner ear, thyroid, and kidney. [97] Expression of SLC26A4 has been shown throughout the endolymphatic duct and sac, in distinct areas of the utricle and saccule, and in the external sulcus region within the developing cochlea. [98] Pendrin is thought to be involved in chloride and iodide transport and not sulfate transport. [99] Affected individuals have thyroid goiter develop in their second decade, although they usually remain euthyroid. [97] Thyroid dysfunction can be shown with a perchlorate discharge test, in which radioactive iodide and perchlorate are administered. Mutations in SLC26A4 prevent rapid movement of iodide from the thyrocyte to the colloid, and perchlorate blocks the Na/I symporter that moves iodide from the bloodstream into the thyrocyte. The net effect is that iodide in the thyrocyte washes back into the bloodstream in affected individuals, with a release of greater than 10% radioactivity considered diagnostic for PS. [95, 100] The sensitivity of this test is low, making genetic testing the preferred diagnostic method. [95] The hearing impairment is usually prelingual, bilateral, and profound, although it can be progressive. [95] Radiologic studies always show a temporal bone anomaly, either dilated vestibular aqueducts or Mondini dysplasia. [95, 101] Mutations in SLC26A4 also cause a type of nonsyndromic autosomal recessive deafness called DFNB4. [102, 103] Whether the phenotype is syndromic or nonsyndromic may reflect the degree of residual function in the abnormal protein. PS and DFNB4 can be diagnosed by screening this gene for mutations. More recently, mutations in the transcription factor FOXI1 have also been shown to cause PS in patients heterozygous for a mutation in SLC26A4. [104] Jervell and Lange-Nielsen Syndrome
In 1957, Jervell and Lange-Nielsen described a syndrome characterized by congenital deafness, prolonged Q-T interval, and syncopal attacks. [105] Long Q-T syndrome itself can be dominantly or recessively inherited. The dominant disease is called Romano-Ward syndrome. It is more common and does not include the deafness phenotype. [105] The recessive disease is known as Jervell and Lange-Nielsen syndrome (JLNS).
JLNS is genetically heterogeneous with mutations in KVLQT1 and KCNE1 causing this phenotype. [106] [107] [108] These genes encode for subunits of a potassium channel expressed in the heart and inner ear. Hearing impairment is due to changes in endolymph homeostasis caused by malfunction of this channel and is congenital, bilateral, and severe to profound. [106] [107] [108] Although the prevalence of JLNS among children with congenital deafness is only 0.21%, [109] it is an important diagnosis to consider because of its cardiac manifestations. The prolonged Q-T interval can lead to ventricular arrhythmias, syncopal episodes, and death in childhood. [109] Effective treatment with β-adrenergic blockers reduces mortality from 71% to 6%. [109] Usher Syndromes
The Usher syndromes (US) are a genetically and clinically heterogeneous group of diseases characterized by SNHL, retinitis pigmentosa, and often vestibular dysfunction. [110] Prevalence is estimated at 4.4 : 100,000 in the United States with 3% to 6% of congenitally deaf individuals carrying this diagnosis. [111] It is the cause of 50% of deaf-blindness in the United States. [111] Three clinical variants of US are recognized. Type 1 is phenotypically distinguished by the presence of severe to profound congenital hearing loss, vestibular dysfunction, and retinitis pigmentosa that develops in childhood [112] ; type 2 is distinguished by moderate to severe congenital hearing loss, with uncertainty related to progression, no vestibular dysfunction, and retinal degeneration that begins in the third to fourth decade [112, 113] ; and type 3 is characterized by progressive hearing loss, variable vestibular dysfunction, and variable onset of retinitis pigmentosa. [112] Within each subtype, there is genetic heterogeneity, and numerous subtypes are recognized, although the two most common forms are US type 1B (USH1B) and US type 2A (USH2A), which account for 75% to 80% of the Usher syndromes. [114] USH1B accounts for 75% of US type 1 and is caused by mutations in an unconventional myosin called MYO7A. [115] USH2A is the most common form, and the causative gene encodes a 1551amino acid protein named usherin that is a putative extracellular matrix molecule. [116] Numerous other genes have been implicated in US subtypes, and these are listed in Table 147 -9.
Biotinidase Deficiency
Biotinidase deficiency is secondary to an absence in the water-soluble B-complex vitamin biotin. Biotin covalently binds to four carboxylases that are essential for gluconeogenesis, fatty acid synthesis, and catabolism of several branched-chain amino acids. If biotinidase deficiency is not recognized and corrected by daily addition of biotin to the diet, affected individuals develop neurologic features such as seizures, hypertonia, developmental delay, ataxia, and visual problems. In at least 75% of children who become symptomatic, SNHL develops, and can be profound and persistent even after treatment is initiated. [117] Cutaneous features are also present and include a skin rash, alopecia, and conjunctivitis.
With treatment that consists of biotin replacement, the neurologic and cutaneous manifestations resolve; however, the hearing loss and optic atrophy are usually irreversible. If a child presents with episodic or progressive ataxia and progressive sensorineural deafness, with or without neurologic or cutaneous symptoms, biotinidase deficiency should be considered. To prevent metabolic coma, diet and treatment should be initiated as soon as possible. [117, 118] If untreated, 75% of affected infants develop hearing loss, which can be profound, and persists despite the subsequent initiation of treatment. [117] Refsum Disease
Refsum disease is a postlingual severe progressive SNHL associated with retinitis pigmentosa, peripheral neuropathy, cerebellar ataxia, and elevated protein levels in the cerebrospinal fluid without an increase in the number of cells. [119] It is caused by defective phytanic acid metabolism, and the diagnosis is established by determining serum concentration of phytanic acid. Two genes, PHYH and PEX7, have been implicated in most cases of Refsum disease, although a few patients exist in whom mutations have not been found. [119] Although extremely rare, it is important that Refsum disease be considered in the evaluation of a deaf person because it can be easily treated with dietary modification and plasmapheresis.
X-Linked Syndromes
Alport Syndrome
Alport syndrome (AS) is a disease of type IV collagen that is manifested by hematuric nephritis, hearing impairment, and ocular changes. The inheritance pattern, although predominantly X-linked (approximately 80%), can be autosomal recessive or dominant. [120] Prevalence is estimated at 1 : 5000 in the United States; a significant proportion of renal transplant patients have AS. [121] Diagnostic criteria include at least three of the following four characteristics [122] : (1) positive family history of hematuria with or without chronic renal failure, (2) progressive high-tone sensorineural deafness, (3) typical eye lesion (anterior lenticonus or macular flecks or both), and (4) histologic changes of the glomerular basement membrane of the kidney.
Mutations in COL4A5 are the cause of X-linked AS. [123] Type IV collagen is the major component of basement membranes and is formed by the trimerization of various combinations of six type IV collagen genes. Deficiency of this protein results in complete or partial deficiency of the trimerized 3-4-5 complex in the basement membranes of the kidney, cochlea, and eye. [123] More than 300 disease-causing mutations of 5 have been identified with 9.5% to 18% arising de novo. [121, 124] The disease phenotype is more pronounced in males, as expected for X-linked diseases. Gross or microscopic hematuria is the hallmark of disease, and all males ultimately have end-stage renal disease, although the rate of progression depends on the underlying mutation. [125] Ocular manifestations are present in one third of patients and are characterized by anterior lenticonus, an anomaly in which the central portion of the lens protrudes into the anterior chamber of the eye, causing myopia. [125] End-stage renal disease develops before age 30 in patients with anterior lenticonus. [121] Maculopathy and corneal lesions may also be found in patients with AS. Diffuse esophageal leiomyomatosis has been associated with deletion mutations of COL4A5 and COL4A6. [122, 125] Hearing impairment is common in AS and is usually a symmetric, high-frequency sensorineural loss that can be detected by late childhood and progresses to involve all frequencies. [125] Pathogenesis is thought to be related to the loss of the 3-4-5 network, which is important for radial tension on the basilar membrane. Diagnosis currently relies on clinical and histopathologic confirmation, although genetic confirmation can allow the stratification and prediction of severity of the disease phenotype.
Mohr-Tranebjaerg Syndrome
Mohr-Tranebjaerg syndrome was first described in a large Norwegian family with apparent progressive postlingual nonsyndromic hearing impairment and classified as DFN1. [126] Re-evaluation of this family revealed additional findings, however, including visual disability, dystonia, fractures, and mental retardation, indicating that this form of hearing impairment is syndromic, rather than nonsyndromic. [49] The gene for this syndrome, TIMM8A, is involved in the translocation of proteins from the cytosol across the inner mitochondrial membrane (TIM) system and into the mitochondrial matrix. [127, 128] 
Mitochondrial Syndromes
Mitochondrial diseases typically cause a phenotype in tissues with high energy demands, such as muscle, retina, brainstem, pancreas, and cochlea. [55, 57] The process by which mitochondrial diseases lead to SNHL is debated and is confounded by the demonstration that nuclear modifier genes have an impact on the outcome. [129] Syndromic mitochondrial diseases are usually multisystemic, with hearing loss present in 70% of affected individuals. [57] Examples include MELAS (mitochondrial encephalopathy, lactic acidosis, and strokelike episodes) syndrome, MERRF (myoclonic epilepsy and red ragged fibers) syndrome, and Kearns-Sayre syndrome (KS) (see Table 147 -9).
In MELAS syndrome, hearing loss is sensorineural, progressive, and bilateral, and more severely affects the higher frequencies [130] [131] [132] ; temporal bone histopathologic findings show severe atrophy of the stria vascularis. [92] MERRF syndrome is characterized by hearing loss, ataxia, dementia, optic nerve atrophy, and short stature. In contrast to MELAS and MERRF, which are caused by point mutations in mtDNA, KS is caused by large duplications and deletions. [133] First described in 1958, KS involves progressive external ophthalmoplegia, atypical retinal pigmentation, and heart block typically starting before age 20. [134, 135] SNHL is present in 50% of patients with KS, [57, 131] and temporal bone histopathologic findings show cochleosaccular degeneration. [132] Maternally inherited diabetes and deafness is another syndromic mitochondrial disease. It affects an estimated 0.5% to 2.8% of diabetic patients. [136] The hearing loss occurs late, and is progressive, bilateral, and high frequency; its presence is correlated with the level of heteroplasmy for the 3243 A-to-G mtDNA mutation. [57, 130] Susceptibility to aminoglycoside ototoxicity is also maternally inherited. It is caused by the 1555 A-to-G mtDNA mutation, a nucleotide change found in 17% to 33% of individuals with aminoglycoside-induced hearing loss. [137, 138] This mutation changes the 12S rRNA gene, altering its structure to make it more similar to bacterial rRNA, the natural target of aminoglycosides. [137, 138] Hearing loss develops even when aminoglycosides are administered at normal doses, with residual thresholds varying widely among individuals. Hearing losses can be seen months after aminoglycoside exposure. Outer hair cells in the basal turn of the cochlea are affected first, but damage eventually extends to include apical outer hair cells and inner hair cells. [139] The same mutation causes nonsyndromic mitochondrial hearing loss. [2] Treatment Genetic counseling should be offered to patients and their families by a professional trained in clinical genetics. Most otolaryngologists do not have an adequate understanding of recurrence chances to provide accurate data. [158] Green and coworkers [23] have estimated the recurrence chance for a normalhearing couple with a deaf child to have a second deaf child at 17.5%, much higher than earlier estimates of 9.8%. Factors that explain this increase include an improved ability to identify syndromic forms of deafness and a decrease in congenital acquired deafness. [23] A well-trained genetic counselor can also help to interpret medical data and potential treatment options. Counseling sessions should occur before and after genetic testing has been done.
Management of hearing loss should be directed at providing appropriate amplification as soon as possible. Hearing aids provide significant benefits to individuals with mild to moderate hearing loss. Cochlear implantation is becoming an increasingly important option for individuals with severe to profound deafness. [27] The Joint Committee on Infant Hearing recommends that diagnosis and rehabilitation be instituted by 6 months of age to minimize delays in communicative language development. Coupled with this recommendation, universal screening is becoming a reality throughout the United States. For the detection of congenital hearing loss, the U.S. government has facilitated the creation of EHDI programs for early newborn hearing screening (http://www.infanthearing.org linkTo?type=external&externalUrl=http%3A%2F%2Fwww.infanthearing.org&eid=4-u1.0-B978-0-323-05283-2..00148-8--s0200&isbn=978-0-323-05283-2). EHDI programs aim to screen neonates for hearing loss immediately after birth or before hospital discharge. The programs include a follow-up arm to confirm hearing loss in neonates who do not pass the initial screening test so that intervention can be initiated to prevent delayed language acquisition. [159] EHDI program guidelines include three phases: screening, audiologic evaluation, and intervention. In the first phase, newborns are screened with otoacoustic emissions and ABR to detect permanent bilateral or unilateral sensory or conductive hearing loss averaging 30 to 40 dB SPL (sound pressure level) or more in the frequency region important for speech recognition. In the second phase, all infants who do not pass the initial screen are evaluated with a series of diagnostic audiologic tests, preferably before age 3 months. In the third phase, early intervention services are implemented before age 6 months for all infants with confirmed hearing loss. [159] 2. Discuss Connexin 26 mutations associated with non-syndromic hearing loss. AL
Endolymph Homeostasis
Homeostatic mechanisms involving the maintenance of separate endolymphatic and perilymphatic compartments, as well as preservation of the normal ionic environments within each scala, are essential for normal auditory function. Numerous genes, including several genes encoding gap junction proteins ( Fig. 146-19 ), that alter homeostasis and are responsible for hereditary hearing impairments when mutated have been identified. K + taken up by support cells then diffuses through gap junctions to other epithelial cells of the outer sulcus that include Hensen and Claudius cells and into root cells of the spiral ligament, [245, 284, 477] where the ion is extruded into the extracellular space within the connective tissue of the spiral ligament. Type II fibrocytes, which express Na + ,K + -ATPase (ATPA1 and ATPB1) and the Na + -K + -2Cl − (Slc12a2, Nkcc1) transporter, [92, 484, 485, 522] take up K + , which then passes through gap junctions to type I fibrocytes and into basal cells and intermediate cells of the stria vascularis. Intermediate cells that contain KCNJ10 channels extrude K + into the intrastrial space, [23, 353] where it is taken up by the basolateral membranes of marginal cells, through Na + -K + -2Cl − (Slc12a2, Nkcc1) transporters [295, 354, 594] and Na + -K + -ATPase, including the ATP1A1, ATP1B1, and ATP1B2 subunits. [360, 409, 484, 485, 543] In addition, the marginal cell basolateral membrane contains Cl − channels that associate with a protein called Barttin, encoded by BSND (Bartter syndrome with sensorineural deafness, or Bartter syndrome type IV), which forms the β-subunit required to transport ClC-Ka and ClC-Kb channels to the plasma membrane. [24, 53, 145, 216, 469] These channels are responsible for passive diffusion of Cl − into the intrastrial space. Marginal cells secrete K + from their apical membrane by way of heteromeric K + channels composed of KCNQ1 (KvLQT1) and KCNE1 (IsK) subunits into scala media. [352, 471, 500, 594, 596] Numerous proteins that are components of gap junctions have been identified in the cochlea, including the connexins CX26 (GJB2), CX30 (GJB6), and CX31 (GJB3). These proteins are particularly evident in supporting cells, interdental cells of the spiral limbus, root cells, and fibrocytes, as well as in basal and intermediate cells of the stria vascularis. [164, 166, 169, 258, 284, 312, 313, [615] [616] [617] Mutations of the GJB2 gene cause autosomal recessive and autosomal dominant forms of deafness (DFNB1, DFNA3), in addition to syndromic conditions that include deafness. [114, 269, 439, 441] Mutations of GJB6 also are responsible for autosomal recessive (DFNB1) [108] and autosomal dominant (DFNA3) [197] forms of deafness, and mutations in GJB3 are associated with autosomal dominant (DFNA2) [618] and autosomal recessive forms of hearing loss. [340] Similarly, genetically targeted ablation or mutation of CX26 [79, 305] or CX30 [544] in mice results in hearing impairment, with associated degeneration of supporting cells in the organ of Corti, initially in the region of IHCs, followed by hair cell loss. These findings suggest that both CX26 and CX30 play a particularly important role in organ of Corti homeostasis. Similar degeneration of the sensorineural epithelium was observed in a human temporal bone associated with CX26-related hearing loss. [260] Figure 146-19. A, Gap junctions, which allow the direct passage of low-molecular-weight ions, second messengers, and metabolites (less than 1 kDa in size) between the cytoplasm of adjacent cells, are formed by the connexin family of proteins. Each connexin molecule has four transmembrane α-helical domains, and the amino and carboxyl termini are located intracellularly. Six connexins assemble to form a connexon or hemichannel (B). Connexons of adjacent cells form apposing partners to form a gap junction (C). Different types of channels can be formed, depending upon the combination of connexin proteins assembling to form the connexon, and depending upon the combination of connexons forming the channel. The channel pore can be regulated by protein kinase C, Ca 2+ , calmodulin, cyclic adenosine monophosphate (cAMP), and pH, as well as other factors. Aggregates of gap junctions form large semicrystalline arrays where the apposing plasma membranes are in close proximity (3.5 nm) compared with the typical extracellular distance between cells (20 nm). In 1994, Guilford and coworkers [17] mapped the first autosomal recessive nonsyndromic deafness locus to 13q12-13 and called it DFNB1. Three years later, Kelsell and colleagues [18] identified the DFNB1 gene as a gap junction gene called GJB2. The encoded protein, connexin 26 (Cx26), oligomerizes with five other connexin proteins to form a connexon; the docking of two connexons in neighboring cells results in a gap junction ( Fig. 147-3) . These gap junctions are thought to be conduits through which potassium ions are recycled from the outer hair cells back through the supporting cells and spiral ligament to the stria vascularis. [19] The ions are pumped into the endolymph to perpetuate the mechanosensory transduction of hair cells. Mutations in GJB2 may disrupt this recycling process and prevent normal mechanosensory transduction. [18] This role is consistent with the expression of GJB2 in the stria vascularis, nonsensory epithelial cells, spiral ligament, and spiral limbus of the inner ear. [18] Screening for Connexin 26 Mutation
In the late 1990s and early in the millennium, the autosomal recessive inheritance of hearing loss was linked to mutations at GJB2. [84, 85] This gene codes for connexin 26 and is believed to be responsible for up to one half of all cases of autosomal recessive congenital hearing loss. The 35delG deletion is responsible for 70% of all connexin 26 mutations. The autosomal recessive non-syndromic hearing loss mutation in connexin 26 is known as DFNB1 (in genetic notation, the prefix DFNB signifies autosomal recessive hearing loss). [86] DFNB1 is associated with prelingual nonprogressive bilateral sensorineural hearing loss without evidence of temporal bone computed tomography (CT) anomalies or vestibular abnormalities. The hearing loss associated with this deletion can range from mild deficits to profound deafness. Considerable interfamilial variation in degree of hearing loss is recognized among affected families. Because the 35delG mutation involves a single base pair, screening tests for this deletion are available. It is estimated that the connexin 26 deletion is responsible for 50% of the cases of autosomal recessive sensorineural hearing loss. [87] Within this family of connexins, however, 60 different allele variations exist and therefore the hearing loss may not always be simply a result of the 35delG mutation. [88] When a child is born homozygous for the 35delG mutation, the chance of recurrence is 25%. The same chance of occurrence is present in a heterozygous patient. Siblings of affected persons have a 66% chance of carrying the deletion while having normal hearing. [89] Therefore, when testing for the 35DelG mutation is performed, genetic counseling should also be available.
3.What are the infectious causes of congenital hearing loss? CB 4.Discuss presbycusis and Schuknecht classification. CB 5.What were the conclusions of Framingham study in age-related hearing loss? CB 6.You are called to the ER to see a pt with sudden sensorineural hearing loss. Discuss the work-up. AL History:
• Information about the onset, time course, associated symptoms, and recent activities may be helpful. • Past medical history may reveal risk factors for hearing loss.
o All medications, including over-the-counter products, must be described. o Aspirin can cause a reversible sensorineural hearing loss, and the list of aspirincontaining products is extensive.
Physical exam:
Perform a careful head and neck examination, with special attention to the otologic and neurologic examination.
Tuning fork tests and a fistula test using pneumatic speculum must be performed. 
Viral Infection
Viral neuritis or cochleitis has long been thought to be the most common cause of sudden SNHL, although much of the evidence for this is circumstantial. SNHL can complicate clinically evident infections with mumps, measles, herpes zoster, and infectious mononucleosis and with congenital rubella and cytomegalovirus. Of patients presenting with sudden SNHL, 28% report a viral-like upper respiratory infection within 1 month before the onset of their hearing loss. [245, 249] With the possible exception of mumps parotitis and herpes zoster infections, however, the clinical diagnosis of viral infections is unreliable. Azimi and colleagues [250] reported that 53% of mumps meningoencephalitis occurs without parotitis. Other evidence for a viral etiology for sudden SNHL includes studies documenting increased viral titers in such patients, [249] pathology consistent with viral infection, [251] [252] [253] [254] and viral seroconversion studies. [255] [256] [257] [258] These seroconversion studies showed a mixture of viruses, including herpes simplex, herpes zoster, cytomegalovirus, influenza, parainfluenza, mumps, measles, and adenovirus. The studies failed to show a relationship between titer results and severity of hearing loss or frequency of recovery.
For some viruses, the evidence of a causative relationship is more convincing. The mumps virus has been isolated from the perilymph of patients with sudden SNHL, [259] and experimental mumps labyrinthitis has been reproduced in hamsters by inoculation of the subarachnoid space with mumps virus. [259, 260] Lassa fever, an arenavirus infection endemic in West Africa, has been shown to be associated with sudden SNHL in approximately two thirds of the patients. [261] The time course, the results of audiometric testing, and the patterns of recovery in Lassa fever are very similar to that in idiopathic sudden SNHL. [262] Measles and rubella also are well-documented causes of labyrinthitis, [253] but these cases rarely manifest in a manner typical of sudden SNHL. Herpes zoster oticus also can cause sudden SNHL, although it is a clinical entity distinct from idiopathic sudden SNHL. The evidence that herpes zoster may be associated with idiopathic sudden SNHL is limited to viral seroconversion studies. Sudden hearing loss associated with infectious mononucleosis is rare but has been reported. [263] For a few viruses, there seems to be strong evidence that they may be an occasional cause of idiopathic sudden SNHL. For most other viruses, there is an association with idiopathic sudden SNHL, although convincing evidence of a causal relationship is lacking.
Meningitis
Meningitis is a well-recognized and common etiology of acquired severe to profound SNHL. It is possible that rare cases of idiopathic sudden SNHL may be caused by subclinical meningoencephalitis.
Syphilis
It has been estimated that the incidence of syphilis in patients with sudden SNHL is 2% or less. Syphilitic hearing loss may manifest at any stage of the disease, and may be associated with other manifestations of syphilis, with vestibular symptoms, or alone. It may manifest with unilateral or bilateral sudden SNHL. More typical presentations of syphilitic hearing loss are discussed in other sections of this chapter. It is important to consider the possibility of reactivation of syphilis in patients with HIV infection. [194, 196] 
Lyme Disease
Lyme disease is a well-established etiology of acute facial paralysis, and it would not be unreasonable to assume that it could also cause SNHL. Hearing loss has not been strongly associated with Lyme disease, however. The literature contains several descriptions of associations between positive Lyme titers and acute or chronic SNHL, but a causal relationship seems doubtful. In one large study, Lyme titers were found in 21% of patients with sudden SNHL, and there was no difference in outcome between patients with or without positive titers, despite antibiotic treatment of all seropositive patients. [264] Reports of hearing loss in patients with Lyme disease with improved hearing after antibiotic treatment are limited to a few case reports. [35, 265] 
Acquired Immunodeficiency Syndrome
At autopsy, 88% of HIV-positive patients have evidence of CNS involvement, [266] and approximately 10% of patients with AIDS present because of neurologic symptoms. [190] It is not surprising that sudden SNHL may be associated with HIV infection. Sudden SNHL is not a common manifestation of AIDS, but it has been well documented in the literature. [191] [192] [193] [194] 197, 267] In the presence of HIV infection, sudden SNHL may occur with or without the presence of opportunistic infection, and may occur without clinical evidence of AIDS. Sudden SNHL caused by reactivation of latent syphilis may complicate any stage of HIV infection. [193, 194, 196] As previously mentioned, some cases of sudden SNHL associated with AIDS may be the result of reactivation of latent cytomegalovirus infection.
Neoplasms
Acoustic Neuroma
It is common for a sudden SNHL to be the initial manifestation of a vestibular schwannoma (acoustic neuroma). According to Moffat and associates, [215] 10.2% of acoustic neuromas initially manifest with sudden SNHL. The prevalence of acoustic neuroma among patients with sudden SNHL is less clear. Estimates range from 0.8% [246] to 3%. [268, 269] There are no clear criteria that suggest that sudden SNHL may be a result of an acoustic neuroma. The presence of tinnitus in the ipsilateral ear before sudden SNHL is suggestive, but not present in most cases. [269] In addition, midfrequency and high-frequency hearing loss are more commonly associated with acoustic neuroma than are low-frequency losses, and electronystagmography abnormalities are more common with acoustic neuroma. [269] Responsiveness of the hearing loss to treatment with steroids is an unreliable indicator that a retrocochlear lesion is not present. There have been many reported cases of steroid-responsive SNHL and SNHL with spontaneous recovery, which have been found to be caused by acoustic neuroma. [269, 270] One should have a high level of suspicion for acoustic neuroma in any patient with SNHL. Most investigators recommend that ABR or gadolinium-enhanced MRI be obtained in patients with sudden SNHL. [271] There is no relationship between tumor size and SNHL. [269] Because of this and the numerous more recent reports of false-negative ABR tests in patients with small acoustic neuromas, [3, [272] [273] [274] it seems warranted to evaluate all patients with sudden SNHL with gadolinium-enhanced MRI.
Other Neoplasms
Neoplasms of the cerebellopontine angle or internal auditory canal other than acoustic neuromas have been associated with SNHL. These include meningioma, [275] cholesteatoma, hemangioma, [276] arachnoid cyst, and metastatic neoplasms. In addition, skull base neoplasms eroding into the inner ear can rarely manifest with SNHL.
Trauma and Membrane Ruptures
Head Injury
Sensorineural hearing loss of any degree can occur after closed or open head injury. The mechanism of injury in such patients has been shown pathologically to vary from mild loss of outer or inner hair cells or cochlear membrane breaks to fracture across the labyrinth or intralabyrinthine hemorrhage. [19] Many of these injuries are pathologically indistinguishable from injuries of acoustic trauma. [277] Some patients experience a variable degree of recovery from head injury-induced hearing loss, a process probably equivalent to the temporary threshold shift seen with acoustic trauma.
Perilymphatic Fistula
Round or oval window fistulas can occur congenitally, after stapedectomy, or after barotrauma. SNHL is well described after events causing barotrauma. [278, 279] Some investigators theorize that these fistulas can occur after heavy lifting or straining or even spontaneously. Patients with such fistulas can have sudden or fluctuating SNHL and varying degrees of vestibular symptoms. There is no reliable test for the presence of such a fistula, and even surgical exploration is subject to error. [280] Except in poststapedectomy patients, it is doubtful that perilymph fistula is a significant cause of SNHL.
Intracochlear Membrane Breaks
Intracochlear membrane ruptures and fistulas have been documented pathologically in patients with endolymphatic hydrops. [19] Such breaks have been proposed to be an etiology of SNHL. [281] Schuknecht and Donovan [253] found no evidence of such breaks in a series of temporal bones from patients with sudden SNHL. Gussen [282] [283] [284] found evidence to support the membrane break theory in a few temporal bones, however.
Pharmacologic Toxicity
Toxicity from any of the drugs discussed in the previous section on ototoxic causes of SNHL may result in the relatively sudden onset of hearing loss. In addition to these drugs, others have been associated with sudden SNHL. Interferon has been associated with SNHL, which has been reversible in most patients. [285, 286] The insecticides malathion and methoxychlor have been associated with bilateral SNHL. [287] 
Immunologic Disorders
The finding that many patients with SNHL seem to benefit from glucocorticoid therapy, and the finding of cross-reacting circulating antibodies in many patients with sudden and rapidly progressive SNHL suggest that at least a subset of SNHL cases are caused by inner ear autoimmunity. [185] In addition, many well-known autoimmune diseases have been associated with SNHL, including Cogan's syndrome, [288, 289] systemic lupus erythematosus, [175] temporal arteritis, and polyarteritis nodosa.
Vascular Disorders
Sudden hearing loss can occur with occlusion of the cochlear blood supply. Because of the abruptness of onset of SNHL, and the fact that the cochlea depends on a single terminal branch of the posterior cerebral circulation, vascular occlusion has been thought by some authors to be an attractive hypothetical etiology for idiopathic sudden hearing losses. Other aspects arguing against a circulatory etiology include high incidence of spontaneous recovery, significant incidence in young patients, lack of an apparent increased incidence in diabetics, the fact that the loss frequently is limited to just a few frequencies, and the fact that most patients do not have vertigo. Similar to viral etiologies, a few cases of SNHL are clearly a result of vascular occlusion, but most cases remain idiopathic. Temporal bone studies have not found evidence of vascular occlusion in cases of idiopathic SNHL. [19] Series of patients with idiopathic SNHL have been evaluated for hemostatic abnormalities, and no significant association has been found. [290] The role of vascular occlusion versus viral infection in these idiopathic cases has been the subject of extensive debate over the years. At this point, it seems doubtful that a significant proportion of cases of idiopathic sudden SNHL have a vascular etiology.
Migraine, [145, 291, 292] hemoglobin SC disease, [151, [153] [154] [155] [156] and macroglobulinemia [148, 149] have been documented to be associated with sudden SNHL. Rare cases of thromboangiitis obliterans (Buerger's disease) have been associated with sudden SNHL. [293] Small cerebellar infarctions may mimic labyrinthine lesions, including sudden onset of hearing loss. [294] Cardiopulmonary bypass [158, 159] and noncardiac surgery [157] have been associated with an increased risk of sudden SNHL. Sudden SNHL has been reported after spinal manipulation with probable injury to the vertebrobasilar arterial system. [295] It has long been believed that patients with diabetes have a higher incidence of idiopathic sudden SNHL than nondiabetics. This belief has been based on the higher incidence of other acute cranial neuropathies and on the diffuse vascular abnormality found in patients with diabetes. Histologic studies of human temporal bones from patients with diabetes mellitus have not consistently found any abnormal alterations. [19, 296] In a careful study of the relationship of idiopathic sudden SNHL to diabetes, Wilson [28] found that diabetic patients with idiopathic sudden SNHL were less likely to recover hearing at higher frequencies. There was no significant difference in audiologic pattern between diabetic and nondiabetic patients with idiopathic sudden SNHL. An attempt to compare the incidence of diabetes in patients with idiopathic sudden SNHL with a control population was inconclusive.
Developmental Abnormalities
Large vestibular aqueduct syndrome is associated with SNHL, which frequently occurs in a stepwise fashion associated with minor head trauma. It seems plausible that other, as yet undefined, developmental abnormalities may predispose individuals to sudden SNHL, either spontaneously or after minor head trauma.
Idiopathic Disorders
Meniere's Disease
Some patients seen with typical sudden SNHL ultimately may develop a history more suggestive of endolymphatic hydrops or even frank Meniere's syndrome; this probably constitutes only 5% of all patients with sudden SNHL. In a review of 1270 patients with Meniere's disease, Hallberg [297] found that only 4.4% had initially been seen with sudden SNHL. A subset of these patients very likely have an autoimmune etiology of their hearing loss.
Multiple Sclerosis
Multiple sclerosis is a demyelinating disorder of the CNS manifested by differing neurologic lesions separated by space and time. Sudden SNHL is a rare initial manifestation of multiple sclerosis. [124, 137, 298] Among patients with multiple sclerosis, auditory abnormalities are common. [127, 130] Sarcoidosis CNS manifestations are rare (incidence of 1% to 5%), although among patients with neurosarcoidosis, 20% have eighth cranial nerve findings. This eighth cranial nerve involvement may manifest as sudden SNHL, although it only rarely is an isolated finding. [178] 
Psychogenic Disorders
Pseudohypacusis frequently manifests as a sudden loss. In most patients, malingering is readily apparent after initial audiologic studies.
7.What is the natural history of sudden sensorineural hearing loss? AL
Four variables seem to affect the prognosis of untreated idiopathic sudden SNHL: severity of loss, audiogram shape, presence of vertigo, and age. The more severe the loss, the lower the prognosis for recovery, and profound losses have an exceptionally poor prognosis. Upsloping and midfrequency losses recover more frequently than downsloping and flat losses. The presence of vertigo, particularly with a downsloping loss, is a poor prognostic indicator, although not all studies concur on this point. Reduced speech discrimination carries a poor prognosis. Finally, most studies show that children and adults older than 40 years have a poorer prognosis than others. [244, 245, 247, 248] Most recovery occurs within the first 2 weeks after onset; as a corollary, the prognosis for recovery decreases the longer the loss persists. Without treatment of any kind, a significant proportion (30% to 65%) of patients experience complete or partial recovery
